INTRODUCTION 1. UVOD
Improvement of wood material properties and the increase of its lifespan have occupied scientists for numerous years as wood is an omnipresent and indispensable material for a very wide range of applications such as furniture production and building constructions. For this reason, ways to tackle its basic drawbacks such as dimensional stability, low resistance to microorganisms and volatility structure have been continuously elaborated. The most popular methods applied to improve timber are based on toxic substances and complicated recycling processes, and therefore many European countries have banned their use. Thermal modifi cation of wood is a process that provides the improvement of some wood properties without imposing an extra burden on the environment, as preservatives apparently do. Specifi cally, thermal modifi cation seems to enhance dimensional stability and biological durability of wood, although some mechanical properties appear to deteriorate. This change of properties is mainly induced by thermal degradation of hemicelluses and, generally, the changes continue as the temperature is increased. Due to moisture content decrease, swelling and shrinkage occur, color darkens, several extractives fl ow from the wood, ph decreases and thermal insulation properties are improved (Hill, 2006) .
Several studies involving thermally modifi ed beech wood, as well as other hardwood species, have been conducted so far. Yildiz et al. (2002b) conducted research into the effects of heat treatment on mechanical and chemical behavior of Fagus orientalis at various temperatures (130 ºC, 150 ºC, 180 ºC, 200 ºC) and durations (2, 6 and 10h). Predictably, mechanical properties decreased when the treatment duration and temperature were increased, whilst, regarding chemical properties, it was observed that hemicelluloses was the wood-cell component mostly degraded by the heat treatment. Reppelin et al. (2005) evaluated the swelling of heat treated beech wood in relation to chemical composition, and Hakkou et al. (2006) studied the fungal durability of heat treated Fagus sylvatica in the temperature range of 200 to 280 ºC, and the results indicated a considerably good correlation between the process temperature and wood durability. Moreover, they demonstrated a suffi cient correlation between decay resistant and mass loss measurements, which are directly correlated to hemicellulose degradation. Mohebby et al. (2005) studied the infl uence of thermal treatment on physical properties of beech wood at 160 ºC, 180 ºC and 200 ºC for 4, 5 and 6 hours. The highest absorption was determined in beech wood treated at 180 ºC for 4 and 6 hours, while the lowest moisture absorption was measured in the samples treated at 160 ºC for 4 h. Charani et al. (2007) studied the effects of thermal treatment on dimensional stability and water absorption of beech wood (Fagus orientalis) applied in three different temperatures (150 ºC, 160 ºC and 170 ºC) and four different durations (1 h, 3 h, 5 h and 7 h). The results indicated that the best anti-swelling effi ciency value was achieved at higher temperature, whereas water absorption decreased in all heat modifi ed samples. Arnold (2007) investigated the anisotropy, hardness, shear strength parallel to grain, swelling, tensile strength perpendicular to grain of thermally modifi ed beech and spruce wood subjected to 180 ºC and 220 ºC. The results indicated that thermal modifi cation has a negative impact on mechanical and physical properties, while swelling improved. Govorcin et al. (2009) studied certain physical properties of Ash (Fraxinus excelsior L.) after thermal treatment at 200 ºC. They ascertained that the mean value of density in absolutely dry conditions of recent ash was higher by 8.4 % than density of heat treated ash. In addition, shrinkage in radial and tangential direction and volume shrinkage of recent ash were higher than shrinkage in heat treated ash. Dimensional stability of ash under such procedure of heat treatment resulted in increased dimensional stability, and yet, the investigated mecha nical properties were signifi cantly lower. Arnold (2009) Sinković et al. (2011) studied particular physical properties of treated and untreated beech and hornbeam wood. They inferred that the average value of density in completely dry conditions of heat treated beech wood was smaller by 8.5 % than the untreated one, whereas, the reduction of average values of maximum shrinkage of heat treated beech wood was even bigger in relation to the untreated wood. Maximum radial shrinkage of heat treated beech wood was smaller by 7 %, maximum tangential shrinkage by 23.5 % and maximum volumetric shrinkage by 19.3 % compared to the same physical properties of untreated beech wood. Todorović et al. (2012) estimated the beech wood properties by color change at 170 ºC, 190 ºC and 210 ºC for four hours. This study demonstrated that higher temperatures led to a rise in mass loss and a decrease in mechanical properties, whereas the effect on modulus of elasticity (MOE) was negligible.
This study was conducted to assess the variation of dimensional stability (swelling, absorption) after immersion in water for 1 h, 3 h, 6 h, 24 h and 72 h, the weight loss caused by heat treatment, weight increase after 7, 14, 21 days and 5 months of air conditioning at 20 ± 3 °C and 60 ± 5 % relative humidity, and the color changes (ΔL, Δa, Δb, ΔE, ΔC) after heat treatment of beech (Fagus sylvatica) wood at 180 ºC for 2, 4, 6, 8 and 10 hours.
MATERIAL AND METHODS

MATERIJAL I METODE
Beech sawn timber used in this research was of Greek origin, obtained from the market. The timber was ΔC*=C* t -C ut (6) Were L* t , a* t , b* t are L*, a* and b* of the heated specimens and L* ut , a* ut , b* ut are L*, a* and b* of the control specimens, respectively. The color measurements were determined according to ISO 7724/3:1984 and the values reported are the average values with standard deviation.
The samples for hygroscopic properties were cut in fi nal cross section dimensions (2 cm x 2 cm x 3 cm), according to the respective standard ISO 4859: 1982. For each experiment, 10 specimens were prepared. The swelling (in radial and tangential directions) and the absorption percentage were conducted after the immersion of samples in the water of 20 ± 3 °C for 1 h, 3 h, 6 h, 24 h and 72 h. Additionally, after conditioning at 20 ± 2 °C and 60 ± 5 % relative humidity, EMC (Equilibrium Moisture Content) and density of the specimens were estimated.
The swelling percentage was calculated with the use of the following equation:
Absorbed water percentage was calculated according to the following equation:
Where M wet the wetmass after immersion in water, M dry the initial dry mass.
Twelve replicates for each variable (treatment) were performed to compute the color changes and hygroscopic properties.
RESULTS AND DISCUSSION
REZULTATI I RASPRAVA
So as to estimate the color change of the specimens, the three color coordinates, L*, a*, and b* were recorded before and after heat treatment. Figure 1 shows the changes in lightness of beech wood for tangential, radial and longitudinal direction with respect to air dried for 1 year. Initially, lumber was cut in sawn samples of dimension 50 x 25 mm in cross section. The average density (oven dry weight/volume at 10.26 % moisture) of timber used was 0.68 g/cm 3 (Standard Deviation = 0.02), while the average moisture content was 10.26 % (Standard Deviation = 0.15) after conditioning at 20 ± 2 °C and 60 ± 5 % relative humidity. Thermal treatment of the specimen applications was carried out in a temperature-controlled, small, laboratory, heating unit (80 x 50 x 60 cm), where fi ve different durations (2 h, 4 h, 6 h, 8 h and 10 h) were applied at 180 °C under atmospheric pressure in the presence of air. The specimens were placed in the unit after the desired temperature had been reached. Immediately after that, the weight loss of the specimens of each heat treatment was measured by weighing them and comparing their weight to the initial one. The measurements of weight increase were conducted after reconditioning of the heat treated specimens at 20 ± 2 °C and 60 ± 5 % relative humidity for 7, 14 and 21 days.
All specimens color measurements were recorded on the surface of wood specimens before and after heat treatments in radial, tangential and longitudinal directions with a colorimeter Minolta Croma-Meter CR-400. The color system CIELab* was used for the measurements. L* describes the lightness, a* and b* describe the chromatic coordinates on the green-red and blue yellow axis, respectively. From the L*a*b* values, the difference in the lightness (ΔL*) and chroma coordinates (Δa* and Δb*), saturation (C*) (ΔC*) and total color differences (ΔE) were calculated using the following equations: Since L=0 is for black and L=100 is for white, it is evident that the lower L value, the darker color is observed. Heat treated beech wood exhibits a decrease of L* indicator as the duration increases gradually. Additionally, tangential and radial directions show higher decrease compared to longitudinal direction. Concerning a* coordinate (Figure 2) , which positions the color in a scale of green to red, it appears to be lower in untreated specimens, while it increases abruptly in specimens heat treated for 2 h and then it tends to decrease slowly with further increasing of treatment duration until 8-h treatment. Regarding coordinate b* (Figure 3 ), which demonstrates the scale of yellow to blue, referring to longitudinal direction, it appears to increase till 4-h treatment unlike the radial and tangential direction. The color coordinates, L*, a* and b* were used in order to calculate the total color change (ΔE) and the color saturation (ΔC*) ( Table 1) . A low value of ΔΕ corresponds to a low color change for the treated sample, compared to untreated specimens. According to the results, ΔE value of the specimens seems to increase, meaning that the color change of wood surface and the heat treatment intensity are proportional, while ΔC* value seems to decrease, as the duration of the thermal treatment increases up to 6 h, where it appears to increase again until 10-h treatment, exceeding the values of 2-h treatment. The negative values of lightness (ΔL*) indicated that the color became increasingly darker with the increase of treatment duration. The extent of thermal degradation is directly related to color darkening, therefore, the color can be used as an indicator of the process conditions (Guller, 2012) . Table 2 shows the average values of swelling of the treated and untreated specimens after immersion in water. Referring to swelling, all heat treatments in this study seem to enhance the hygroscopic behavior of beech wood. Swelling in tangential direction proved to be much higher than in radial direction. Nevertheless, thermal treatment proved to enhance tangential swelling more effi ciently than radial swelling. As the duration of heat treatment is extended, tangential swelling tends to decrease and this tendency is similar to the case of swelling in radial direction, with the difference that when the treatment duration exceeded 8 h, the swelling values slightly increased only in tangential direction, without reaching the swelling values of the untreated specimens. The absorption of the treated specimens was affected positively compared to untreated specimens ( Table 3) . As the treatment duration increases, absorption decreases; however when exceeding 8 hours of treatment, absorption percentage values record a slight increase. This fact may be attributed to permanent changes typically occurring during heat treatments of long duration, namely in the chemical composition of wood and physical properties, such as mass loss, density loss, thermal degradation of polysaccharides and lignin, etc. The dominant effect of heat treatment is the decrease in equilibrium moisture content. This, along with the oven dry density of all heat-treated samples, decreased in relation to the untreated wood except for density specimens treated for 2 h, whose values slightly increased, which is compatible with previous studies. Yildiz (2002b) reported a minor density increase of beech wood (2.25 %) after 2-h treatment at 130 ºC, but mentioned that for more intense treatments the density decreased by 10 %. Regarding equilibrium moisture content, the 10-h treatment was the most effective, decreasing the equilibrium moisture by 47.12 %. This EMC reduction suggests that thermal treatment affects the dimensional stability and water adsorbing capacity of wood to a great extent (Table 4) . Esteves et al. (2009) concluded that the water adsorption of beech wood decreased at treatment temperatures higher than 100 ºC, decreasing with the increase in treatment time. The reason of the decrease in the equilibrium moisture content is that less water was absorbed by the cell walls after the heat treatment as a result of chemical change (Jamsa and Viitaniemi, 2001 ). Additionally, the polycondensation reactions in lignin result in further crosslinking that might also contribute to the reduction of equilibrium moisture content (Tjeerdsma, 2005) .
The weight loss of the heat treated specimens, measured directly after each treatment, (Table 5) are an indicator of treated wood quality (Esteves et al., 2009 ). The higher the treatment duration, the more weight loss is recorded. This can be attributed not only to moisture content loss but also to evaporation of volatile extractives and other chemical constituents such as hemicelluloses. In this research, the specimens that were conditioned at 20 ± 2 o C and 60 ± 5 % relative humidity, for three different periods, present an increase of their weight due to regaining moisture as shown in Table 4 . The specimens treated at mild treatments exhibited higher weight increase compared to the specimens exposed to more intense treatment. Furthermore, as the conditioning period was extended, the weight increase was reduced.
CONCLUSIONS
ZAKLJUČAK
Assessment of color changes and hygroscopic properties leads to the following conclusions. The color coordinates L*, a* and b* of the heat treated specimens changed, meaning that the color of the wood surface was modifi ed. The color difference (ΔE) appears to increase depending on treatment intensity unlike color saturation (ΔC), which decreases proportionally to treatment severity. The most intense color differences occurred in 8-h and 10-h treatments, the difference between them not being signifi cant.
The EMC and density decrease abruptly in the initial treatments, whereas as the duration increases, this decrease tends to be slower and more gradual. Among different treatment durations, the 8-h at 180 ºC combination provided the most effective results with the largest EMC percentage decrease. Swelling and absorption percentage were positively affected by heat treatment. The swelling values increased only in tangential direction after 8-h treatment and generally the tangential direction proved to be better than the radial one.
It can be concluded heat treatment modifi cation enhances some of the most signifi cant wood features such as hygroscopic properties and color change. According to the dimensions of the treated specimens and conditions used in this investigation, it can be stated that 8 h was the best treatment duration, as it showed the largest decrease in the hygroscopic properties with an attractive dark color approaching tropical species, providing an optimization of beech wood in a wide range of applications.
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